Knowing the variability of total solar irradiance (TSI) at the top of the atmosphere is crucial for specifying solar influence to climate variability. Satellite measured TSI data are available only for the last 32 years. But there is an opportunity to estimate approximate daily TSI values on the basis of the observed variability of solar activity. A common approach is based using data for Wolf sunspot numbers. Series of daily data from the DAVOS based TSI starting from 1978 have been compared with daily values of Wolf numbers and with the corresponding estimates for daily summary sunspot area. Our goal is to use established correlations to hindcast earlier TSI values. The available solar activity data enabled us to reproduce rough TSI estimates back to the 1870's.
INTRODUCTION
Modern climatological thinking is based on the dominating role of the anthropogenic global warming theory (Solomon et al. 2007) . It is supported by continuous increase of the concentration of carbon dioxide in the Earth's atmosphere. To estimate validity of that conception it is necessary to know the temporal variability of other forcing factors, among them the total solar irradiance (TSI) at the top of the atmosphere. Direct satellite measurements on that flux have been carried out only since 1978. But this flux density depends on solar magnetic activity describable by Wolf numbers or other indicators. Knowing the relationship between solar activity and TSI enables us to hindcast the TSI series more than 100 years back on the basis of observations of sunspots. This enables one to estimate changes in solar forcing in comparison with that caused by the increase of CO 2 concentration in the Earth's atmosphere.
Solar activity is often characterized by means of sunspot numbers (or Wolf numbers) The corresponding quantitative characteristic R w is computed as R w = k(10g + s), where s is number of distinct spots (independent on their size); G is number of spot groups and k is a coefficient to reconcile data with different observation places and telescopes. The other activity indicator used in the current study is a daily sunspot area A S , also available from historical records.
A time series for daily R w has been observed from 1870. Satellite based TSI observations started in 1978. Two types of observations have been carried out simultaneously during the last three decades. This enables us to to empirically estimate statistical relationship between daily values of R w , A S and TSI. Physical basis of that relationship has been explained recently (e.g. Foukal et al. 2006 Much higher contrast of the faculae causes increase of TSI. Thus an examination of statistical relationship between daily values of R w , A S and TSI is justified.
Several attempts to hindcast previous TSI values have been performed using different time intervals. Diagnosed associations between sources of contemporary irradiance variability and appropriate solar activity proxies that extend over longer time spans permit the irradiance reconstructions for some earlier period (e.g. Lean 1997 , Wenzler et al. 2006 , Steinhilber et al. 2009 , Krivova et al. 2010 , Shapiro et al. 2011 . New reconstructions of spectral irradiance are developed for time base starting from 1600 with absolute scales traceable to space based observations. For instance an updated solar irradiance reconstruction (Lean 2000) on annual resolution is available online (Lean 2004) .
In this paper we compare two methods to hindcast TSI values for earlier than observed dates. The first method is rough and is based on regression analysis of TSI versus R w . The second method is a new and uses daily sunspot areas and corresponding TSI values to build empirical model for relation between the two observed series. The model is based on the observation that solar magnetic activity correlates with low-frequency flow of the TSI and at the same time anti-correlates with high frequency features. Our empirical model contains free parameters but values for them can be obtained from fitting procedure itself. Thereby our method is essentially parameter free and differs from traditional methods where modelling is based on heavily parametrized physical models (see for instance Krivova et al. 2007 ).
DATA
For general overview of the available TSI data and processing methods see e.g. Domingo et al. 2009 . The original TSI satellite observations are compiled into homogeneus data sets, often called composites (for recent overviews and compiling methods see Ball et al. 2012 and Domingo et al. 2009 Figure 1 . In order to convert the draft better comparable, the R w values are presented via logarithm i.e. ln(R w +1.) and TSI data as difference from the constant 1361 Wm −2 . Three important details can be found:
1. The both variables change in the same phase.
2. There is a remarkable difference in the length of the low activity periods.
3. The difference of TSI values between high and low activity seasons is in between 0.5 − 1 Wm −2 .
The website gaw.kishou.go.jp/wdcgg.html for the World Database for Greenhouse Gases (WDCGG) states that the concentration of CO 2 grows at constant rate 1.6 ppm/year. Radiative transfer calculations (e.g. Schwartz 2007 ) have shown that the direct influence of doubling the concentration (i.e. from 320 ppm to 640 ppm) to the outgoing longwave radiation (OLR) flux density is about 4 Wm −2 . Provided that the growth rate does not change, it will take about 320/1.6 = 200 years until the concentration doubles. This means that the annual part in the OLR flux growth is about 4/200 = 0.02 Wm −2 . This value is significantly lower than the difference between TSI between high and low solar activity. The variability of TSI can in a such way dominate. However, its influence to the Earth climate remains dependent on cumulative feedback in the climate system.
APPROXIMATE DEPENDENCE of TSI on R w
The existing dataset enables us to display approximate dependence of TSI on R w . First, it is interesting to select spot free days. During the solar minimum of Empirical dependence of TSI on R w > 0 is simple to figure out. In this case the region of variation (1 -250) for R w is partioned to 10 unit bins. As a result 25 bins are selected. Values of daily TSI (on the basis of PMOD composite) for each bin have been collected and their range is shown in Figure 2 with error bars. The mean TSI values of bins are marked by straight lines. Figure 2 shows that the dependence of TSI on R w is similar to the the arc produced by Solanki and Fligge (1999) and Hempelmann and Weber (2011) . The latter study has been produced using ACRIM based TSI series. This is expected because both TSI series have been composed from measurements of the same satellites.
Maximal values of TSI correspond to R w from the interval 100 < R w < 150. It appears to be somewhat more elaborate than a linear expectation on proportionality between spots and faculi could produce. Thus, the oscillation of R w in between 0 and 250 causes an oscillation of TSI around somewhat higher level than that corresponding to TSI from a spotless Sun. Anyway, the increase of TSI as R w is growing will be bounded. Approximate relationship between TSI and R w shown in Figure 2 enables us to estimate TSI variability caused by the variations of solar activity. In the current case a restoration is carried out using the mean TSI values for each R w interval presented in Figure 2 . The results will be presented together with those for the other method in Figure 8 .
REFINED ANALYSIS USING A S
Rough analysis done so far can be refined significantly. It is possible to build, based on various physical assumptions, so called model or proxy curves (see e.g. Krivova et al. 2007 ) and use them to hindcast daily TSI values. This kind of methods demand complicated physical modelling for different magnetic structures on the surface of the Sun (spots, penumbrae, flares and network). In this paper we try to hindcast using another parameter free scheme. In the following a more detailed dataset of sunspot areas A S will be used instead of sunspot numbers.
It is well known that overall (low frequency) TSI flow quite well correlates with solar magnetic activity. But if to look at Figure 3 then it can be easily seen that the smaller details anti-correlate. This can be easily explained referring to darker sunspots moving on the surface of the Sun. From the point of view of the time series analysis such combination of varying correlation introduces extra complications. We need to model separately low frequency and high frequency parts of the input curves because of that difference.
Envelopes
Typically low frequency (smooth) components of the time series are obtained with different averaging and smoothing algorithms. In this work we used so called LOWESS (locally weighted scatterplot smoothing, see Cleveland 1979) method with linear downweighting to compute low frequency components. This method is constrained with only single parameter -a smoothing window width W . By changing this parameter it is possible to obtain curves with different degrees of smoothness.
The activity records of the Sun tend to be one sided. For instance sunspot areas are positive or zero. This forces us to consider additional time series component types beside the trivial smoothed or averaged data. The method to build such an one sided smooth curves has been employed earlier for processing of spectral data where the absorption or emission lines are superposed on a smooth continuum (e.g. Pelt 1990 ). This is very similar to the situation with sunspot blocking.
In our method the smoothing and one side clipping is performed iteratively to obtain a smoothed component which envelopes the input time series. In the very end of the iterations the smooth envelope goes through the local minima or maxima. We do not need perform all the iteration but can stop earlier, say at iteration K. Taking into account that smoothing operation itself depends on Figure 4: Original sunspot area data in millionth parts of solar surface, upper envelope E U (3.0, 4, t) and lower envelope E L (0.4, 9, t) for the sunspot areas. In this time interval we can use the enevelopes as fit components to model TSI.
the width parameter W we can formally build from input time series two sets of envelopes:
The first set describes upper part of the data and the second set lower part. An illustration of the envelopes is provided on Figure 4. 
Regression
The least squares distance D 2 between four plus four parameter model buildt from sunspot area data (S(t)) and TSI (I(t)):
must be minimized to obtain proper estimates for the regression coefficents a 0 , a 1 , a 2 , a 3 and also for smoothing parameters
Combining linear least squares estimation with grid search for nonlinear parameters allows us to obtain final solution. The results for our particular case (daily values of PMOD composite for TSI versus records of sunspot areas) can be illustrated in different ways. First we can plot the difference between actual TSI and computed from sunspot areas TSI (see Figure 5 ). This plot can be compared with similar figure 4c from Krivova et al. (2007) where overall scatter of the differences between observed and predicted curves is somewhat higher.
The cross plot between the original and restored TSI values is presented on Figure 6 . There is still considerable scatter but the correlation level between two series is quite high (r = 0.826). As a matter of fact this value is comparable to the scatter between different TSI composites (correlation between ACRIM and PMOD composites is at level r = 0.834).
In our earlier observation we saw that small details in the flow of the sunspot area data are anti-correlated with small details of the TSI flow. However, the weighted combination of sunspot area data and its envelopes shows much better correlation. This is a result of estimated a 3 value being less than zero. Positive 
The situation is precisely illustrated on Figure 7 .
Finally, it is useful to illustrate the results of restoration of TSI over our testing interval. The illustration is shown in Figure 8 in annual means of (TSI-1362) Wm −2 . Figure 8 shows that the rough restoring operation has varying accuracy. For the regions of low solar activity its behavior is acceptable. But for the regions with high solar activity it gives a significant bias. This means that it is not applicable to use the scheme to hindcast previous TSI values. The second method (even after averaging) gives much better accordance with the original values over that interval.
The hindcasted daily values of TSI for the whole time interval with available A S data is presented at Figure 9 . This series can be used in modelling programs or compared with temperature curves.
CONCLUSIONS
Hindcasting the previous TSI data is important in order to improve our understanding of climate variability. In this paper we used two methods to hindcast past TSI values using indicators of the solar magnetic activity as a base. The rough and more traditional regression method was supplanted by the refined method which uses daily values of the sunspot areas. The refined method is essentially parameter free. This is important because the traditional hindcast methods are based on a large set of parametric physical models of the solar features. Here we demonstrate that the low frequency behaviour of the TSI is controlled by the low frequency components of the magnetic activity. However, this dependence is not straight forward but somewhat convoluted. Similar result was obtained by using signal theory methods of empirical data modelling (Preminger 2010) . The obvious advantage of proposed here method is its conceptual transparency -upper and lower envelopes are easily grasped and visualized. We plan to use the new method 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 Predicted TSI (Wm Variability of the hindcasted TSI values shows that the interannual variability of TSI has been nearly of the same range as that during the last three decades. Previous studies have shown a remarkable variability of the solar cycle length to influence the long-term variability in the climate system (e.g. Lassen and FriisChristensen 1995) . The described empirical relationship between TSI and solar activity enables one to examine such an influence in more detail.
